The vascular system in plants, which comprises xylem, phloem and vascular stem cells, originates from provascular cells and forms a continuous network throughout the plant body. Although various aspects of vascular development have been extensively studied, the early process of vascular development remains largely unknown. LONESOME HIGHWAY (LHW), which encodes an atypical basic helixloop-helix (bHLH) transcription factor, plays an essential role in establishing vascular cells. Here, we report the analysis of LHW homologs in relation to vascular development. Three LHW homologs, LONESOME HIGHWAY LIKE 1-3 (LHL1-LHL3), were preferentially expressed in the plant vasculature. Genetic analysis indicated that, although the LHL3 loss-of-function mutant showed no obvious phenotype, the lhw lhl3 double mutant displayed more severe phenotypic defects in the vasculature of the cotyledons and roots than the lhw single mutant. Only one xylem vessel was formed at the metaxylem position in lhw lhl3 roots, whereas the lhw root formed one protoxylem and one or two metaxylem vessels. Conversely, overexpression of LHL3 enhanced xylem development in the roots. Moreover, N-1-naphthylphthalamic acid caused ectopic LHL3 expression in accordance with induced auxin maximum. These results suggest that LHL3 plays a positive role in xylem differentiation downstream of auxin.
Introduction
The plant vasculature, which comprises the xylem, phloem and the intervening procambium/cambium, transports organic and inorganic molecules throughout a plant. Vascular development has long been studied because of its importance to the plant life cycle, and because it is an excellent model of the plant body plan. Such studies have identified key factors that regulate vascular development, including hormones, transcription factors and signaling molecules. VNDs and SND1/NST3 (both NAC domain proteins) are master transcription factors that trigger the differentiation of different types of xylem cells (Kubo et al. 2005 , Zhong et al. 2006 , Mitsuda et al. 2007 . APL is a MYB protein that is essential for phloem differentiation (Bonke et al. 2003) . Recent studies identified TDIF (a CLE peptide), TDR/PXY (a receptor) and WOX4 (a transcription factor) as factors that are required for the maintenance of procambial and cambial cells , Hirakawa et al. 2008 , Hirakawa et al. 2010 . However, little is known about the earliest step of vascular development, i.e. the initiation of vascular precursor cells.
Controlled auxin flow is thought to be the earliest event in vascular development (Scarpella et al. 2006 , Donner et al. 2009 , Wenzel et al. 2007 ). The flow of auxin is established by a polarly localized auxin efflux carrier, PIN-FORMED 1 (PIN1), and induces expression of the transcription factors MONOPTEROS (MP) and ATHB-8, which in turn regulate PIN1 expression (Scarpella et al. 2006 , Wenzel et al. 2007 , Donner et al. 2009 . A recent study identified LONESOME HIGHWAY (LHW) as a transcription factor that may regulate the earliest step of vascular development (OhashiIto and Bergmann 2007) . The root of the lhw single mutant plant has only one protoxylem and one protophloem pole, although the root of the wild type possesses two protoxylem and two protophloem poles. LHW is not required for the creation of any specific vascular cell type, but it coordinately controls the number of all vascular cell types by regulating the size of the vascular stem cell pool . This suggests that LHW may function in the establishment of vascular cells. lhw mutants are resistant to N-1-naphthylphthalamic acid (NPA)-inducing ectopic xylem formation, suggesting a relationship between polar auxin transport and LHW function during vascular development .
Although LHW appears to be very important for initiation of vascular cells, lhw mutants still develop vascular cells . LHW encodes an atypical basic helix-loop-helix (bHLH) transcription factor. Because the Arabidopsis genome contains >160 bHLH genes, it is plausible that redundant function of a LHW homolog(s) masks some characteristics of the lhw phenotype (Pires and Dolan 2010) . Indeed, it is well known that members of a bHLH subfamily play significant roles, either redundantly or individually, in the development of distinctive cells, including root hairs, trichomes, stomata and carpels (Ohashi- Ito and Bergmann 2006 , Gremski et al. 2007 , MacAlister et al. 2007 , Pillitteri et al. 2007 , Ishida et al. 2008 , Kanaoka et al. 2008 , Groszmann et al. 2011 , Grebe 2012 . Therefore, it is necessary to investigate the function(s) of LHW homologs.
The present study identified three LHW homologs, LONESOME HIGHWAY LIKE 1-3 (LHL1-LHL3), and investigated them in relation to vascular development. LHL1-LHL3 were preferentially expressed in the plant vasculature. Functional analysis indicated that LHL3 plays an enhancing role in LHW-dependent vascular development and may mediate polar auxin signaling toward xylem development.
Results

Identification of LHW homologs
There are three bHLH genes (At1g06150, At2g31280 and At1g64625) that are very similar to LHW in Arabidopsis ( Supplementary Fig. S1 ). We designated these genes as LONESOME HIGHWAY LIKE 1 (LHL1), LONESOME HIGHWAY LIKE 2 (LHL2, also named LL2) and LONESOME HIGHWAY LIKE 3 (LHL3/LL1), respectively. The bHLH domain of LHL1, LHL2 and LHL3 showed 79, 80 and 77% amino acid identities, respectively, to the bHLH domain of LHW.
Expression patterns of LHL1, LHL2 and LHL3
To examine the expression patterns of LHL1, LHL2 and LHL3, we generated transcriptional reporters comprising the LHL1, LHL2 or LHL3 upstream sequence fused to b-glucuronidase (GUS). The LHL1pro::GUS signal was observed in the vasculature of the cotyledons, the rosette leaves, the root-hypocotyl junctions and the roots (Fig. 1A-E) . The signal was detected in the developing vasculature in rosette leaves (Fig. 1E) . The staining in the roots was restricted to the vasculature where lateral roots were developing (Fig. 1D) . The GUS staining was also detected in hydathodes, the lateral root primordia and the region beneath the shoot apical meristem (Fig. 1A-E) . Although the LHL2pro::GUS signal was very weak, the pattern appeared to Fig. 1 Expression patterns of LHL1pro::GUS and LHL3pro::GUS in Arabidopsis seedlings. (A-E) LHL1pro::GUS expression in the cotyledon (A), hypocotyl (B), a section of the shoot apical region (C) and the root (D) of 7-day-old seedlings, and the rosette leaf of a 14-day-old seedling (E). (F-J) LHL3pro::GUS expression in the hypocotyl (F), shoot apical region (G), a section of the shoot apical region (H) of 7-day-old seedlings, and the root (I) and rosette leaf (J) of 14-day-old seedlings. Bars = 100 mm. be similar to that observed for LHL1pro::GUS ( Supplementary  Fig. S2 ). The LHL3pro::GUS signal was also observed in the developing vasculature in the leaves, the hypocotyl-root junctions and the roots, and in cells just below the shoot apical meristem ( Fig. 1F-J) . These results indicate that LHL genes are preferentially expressed in vascular cells. A previous study showed that LHW functions to establish vascular cells within the roots, and that LHW is consistently expressed at the root tip . To examine the expression of LHL genes in the roots in more detail, we produced LHL1pro::nYFP (nuclear-localized yellow fluorescent protein) and LHL3pro::nYFP seedlings. The YFP signal of LHL1pro::nYFP was observed in vascular cells in the main root and lateral roots, but not in the root apical meristem (RAM; Fig. 2A-C ). In contrast, a strong LHL3pro::YFP signal was detected in vascular precursor cells, both in the apical meristem in the main root and in the lateral root primordia (Fig. 2D-F Whole-mount in situ hybridization (WISH) revealed that, of the three LHW homologs, LHL3 was predominantly expressed during embryogenesis ( Fig. 3; Supplementary Fig.  S3 ). No LHL1 and LHL2 transcripts were detected during embryogenesis ( Supplementary Fig. S3 ). The LHL3 transcripts were detected in vascular cells at the torpedo and linear stages of embryogenesis (Fig. 3A, B) . At the mature stage, LHL3 preferentially accumulated within root vascular cells (Fig. 3C ).
Loss-of-function analysis of LHL3
Expression analysis suggested that LHLs, in particular LHL3, may have a similar function to LHW in terms of early vascular development. Therefore, we analyzed the genetic interaction between LHL3 and LHW. A T-DNA insertion line for LHL3 (lhl3; SALK_126132, Supplementary Fig. S4 ) possessed LHL3 transcripts below detectable levels (Supplementary Table S1 ), suggesting that lhl3 is a null allele of LHL3. lhl3 seedlings did not show any obvious phenotypic defects in root length or vascular pattern (Fig. 4) . However, the lhw lhl3 double mutant showed more severe phenotypic defects than the lhw single mutant (Fig. 4) . The growth of lhw lhl3 seedlings was more severely retarded than that of lhw seedlings (Fig. 4A-D, I ). Lateral vein formation was partially suppressed in lhw cotyledons, whereas that in lhw lhl3 cotyledons was almost completely suppressed ( Fig. 4E-H,  J) . lhw lhl3 also showed more severe defects in the vascular tissues of the roots than their single mutants. A wild-type root usually possesses two protoxylem and three to four metaxylem vessels, while the lhw root possessed only one protoxylem and one or two metaxylem vessels (Fig. 5A, C , E, G). In the lhw lhl3 root, however, only one xylem vessel was formed at the metaxylem position (Fig. 5D, H) . This vessel showed helical (protoxylem-like), pitted (metaxylemlike) or intermediate secondary cell wall patterns (Fig. 5J-L ) and was sometimes disconnected (Fig. 5I) . We then compared the number of vascular cells at two positions in the root stele of the two genotypes: the meristem region near the root tip and the relatively mature region near the shoot-root junction. lhw and lhw lhl3 showed a similar number of vascular cells in these regions (Supplementary Table S2 ). These results suggest that LHL3 has a role in xylem development that overlaps with that of LHW.
Gain-of-function analysis of LHL3
To investigate further the functions of LHL3 during vascular development, we overexpressed LHL3 in transgenic lines harboring LHL3 under an estrogen-inducible promoter. The results showed that LHL3 expression increased by 40 and 160 times after a 10 d treatment with estrogen ( Supplementary  Fig. S5A ). The LHL3-overexpressing seedlings showed no visible abnormalities ( Supplementary Fig. S5B ). However, overexpression of LHL3 promoted metaxylem vessel development (Fig. 6A, B) and increased the number of vascular cells, but not other cells, in the roots (Fig. 6C, D) . Next, we analyzed the expression levels of genes related to vascular development using MONOPTEROS (MP) and ATHB-8 as procambium markers (Donner et al. 2009, Ohashi-Ito and and VND6 and VND7 as developing xylem markers (Kubo et al. 2005 ) using quantitative reverse transcription-PCR (qRT-PCR). Although the expression levels of MP and AHTB-8 were not significantly altered, both VND6 and VND7 were up-regulated in the roots of LHL3-overexpressing plants (Fig. 6E) . These results suggest that LHL3 has the potential to promote xylem development.
LHL3 responds to high levels of auxin
Xylem development deeply correlates with auxin transport (Mattsson et al. 1999 , Sieburth 1999 , Scarpella et al. 2006 . To understand the relationship between auxin transport and LHL3, we treated LHL3pro::nYFP and DR5pro::GFP roots with NPA, an inhibitor of auxin efflux carriers. The DR5 signal indicated that, as the NPA concentration increased, the distribution of the auxin maximum enlarged downward to the columella cells and then upward toward the cortex cells (Fig. 7D-F) . The increase in the auxin maximum corresponded to the increase in the size of the region expressing LHL3pro:: nYFP (Fig. 7A-C) . These results suggest that the expression of LHL3 is induced by auxin in situ. 
Discussion
In this study, we investigated the involvement of LHL genes, which are homologs of LHW, during vascular development. The preferential expression of LHW homologs in vascular tissues was common. However, these expression patterns were not the same among LHL genes. Strong LHL3 expression was observed in the vascular precursor cells in the RAM (Fig. 2D-F) . No LHL1 signal was observed in these cells, but it was observed in more developed vascular cells (Figs. 1D, 2A-C) . Although the expression pattern of LHL3 was most similar to that of LHW, there were some differences. For example, LHW was strongly expressed in the RAM, including the quiescent centers (QCs) (Ohashi-Ito and Bergmann 2007), whereas LHL3 was not expressed in the QCs (Fig. 2D) . These results suggest that LHLs play a role in vascular development, which may partially overlap that of LHW.
Although the lhl3 single mutant showed no obvious morphological phenotype, the lhw lhl3 double mutant showed more severe phenotypic defects than the lhw single mutant, particularly in the vasculature. The formation of xylem strands in both cotyledons and roots was suppressed to a greater extent in lhw lhl3 than in lhw (Figs. 4, 5) . Conversely, LHL3-overexpressing seedlings showed the promotion of xylem differentiation and enhanced expression of the VND6 and VND7 xylem differentiation markers (Fig. 6) . These results strongly suggest that LHL3 plays a role in vascular development, particularly in the promotion of xylem differentiation. No xylem vessel cells were formed in the protoxylem pole in the lhw lhl3 roots, although a metaxylem vessel cell did differentiate at the metaxylem position. However, the vessel cell type was not stable, and a metaxylem vessel cell was often replaced by a protoxylem vessel cell (Fig. 5) . The plant hormones auxin and cytokinin regulate the determination of fates of protoxylem and metaxylem vessels (Mahonen et al. 2006 , Kondo et al. 2010 , Bishopp et al. 2011 . Recently, Bishopp et al. (2011) indicated that protoxylem differentiation in the roots requires a high level of auxin at the protoxylem pole. Therefore, the loss of protoxylem vessel cells in lhw lhl3 may be due to a reduction in auxin levels at the protoxylem pole in the roots, or to defects in the xylem differentiation process downstream of auxin. Indeed, NPA treatment induced ectopic LHL3pro::nYFP expression in the root area in which the auxin maxima were induced (Fig. 7) . These results suggest that LHL3 may play a role in xylem differentiation downstream of auxin.
LHLs and LHW share atypical basic domains in which the HER motif (His5-Glu9-Arg13), the canonical DNA-contacting residues in the bHLHs, is not conserved (Pires and Dolan 2010) . In addition, this group of bHLH proteins is present in many species of land plants, including Selaginella, rice and poplar, but not in mosses. This suggests that LHW and its homologs have evolved along with the development of the vascular system in land plants. It is well known that a set of homologs of bHLH transcription factors functions in a specific developmental pathway and have sequentially distinct roles (Jan and Jan 1993 , McAlister et al. 2007 , Pillitteri et al. 2007 ). However, judging from the expression and functional analysis of LHL genes and LHW, they have redundant roles. Therefore, LHW and its homologs are likely to differ from these types of gene sets.
Materials and Methods
Growth conditions
Arabidopsis thaliana ecotype Columbia was used for all the experiments. Seedlings were germinated on half-strength Murashige and Skoog (MS) agar plates with appropriate antibiotics and cultured vertically in a Percival incubator under permanent light conditions for 5-10 d at 22
C. For LHL3 induction, estrogen (5 mM) was added to the MS agar plates. For the NPA treatment experiment, NPA (1 or 5 mM) was added to the MS agar plates.
DNA manipulation
Vectors based on Gateway cloning technology (Invitrogen) were used for most of the manipulations. The LHL promoter regions and the LHL3 coding sequence (CDS) were amplified by PCR and the fragments were cloned into the pENTR/D/TOPO vector (Invitrogen). The promoters were introduced into either the pBGYN or pBGGUS vectors (Kubo et al. 2005 ). The LHL3 CDS was recombined with pMDC7 (Curtis and Grossniklaus 2003) . The primers used for DNA manipulation are listed in Supplementary Table S3 .
GUS staining
Samples were incubated for 16 h at 37 C in GUS staining buffer (100 mM phosphate buffer, pH 7, 0.1% Triton X-100, 0.5 mg ml À1 5-bromo-4-chloro-3-indolyl-b-glucuronic acid, 5 mM FeCN and 10 mM EDTA) and then rinsed in 70% ethanol. The samples were cleared in chloral hydrate : water : glycerol (8 : 2 : 1, v/v) and observed under a microscope. The expression patterns of LHL1, LHL2 and LHL3 were observed in eight, five and two independent lines, respectively.
Whole-mount in situ hybridization
WISH was performed with digoxigenin-labeled RNA probes according to a previously described method (Hejatko et al. 2006) . LHL1, LHL2 and LHL3 probes were produced using 400 bp regions of CDS with the primers listed in Supplementary Table S3 .
Microscopy
Specimens were observed under a DIC microscope (BX51, Olympus) fitted with a CCD camera (DB70, Olympus). Fluorescent images were taken under an inverted fluorescence microscope (IX70, Olympus) equipped with a confocal unit (CSU10, Yokogawa). Fluorescence was detected by a cooled CCD camera (CoolSnap HQ2, Photometrics). For staining of the plasma membrane, the roots were incubated in 0.01 mg ml À1 propidium iodide. We observed the expression pattern in two and one independent LHL1 and LHL3 lines, respectively.
Anatomical analysis
Samples were fixed with FAA, dehydrated in a graded ethanol series, and embedded in Technovit 7100 resin (Heraeus Kulzer). Sections (1.5 mm thick) were cut and stained with toluidine blue O.
QRT-PCR
Total RNA isolation, cDNA synthesis and qRT-PCR were performed as previously described . Relative mRNA levels were determined using the concentration of the TUA4 gene as a reference. The primers used for RT-PCR are listed in Supplementary Table S3 .
Supplementary data
Supplementary data are available at PCP online. 
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